In order to determine the relationship of parathyroid hormone and levels of dietary protein and calcium with the activity of renal glucose-6-phosphatase (G6Pase), effects of two levels of dietary protein, namely, 25 and 75%, on the enzyme activity were compared at three levels of dietary calcium, namely, 0.06, 0.63, and 1.83%, with the use of intact and thyroparathyroidectomized (TPTX) rats. In intact rats, 0.06% dietary calcium caused an increase in renal G6Pase activity in rats fed the high carbohydrate diet, and dietary calcium in excess (1.83%) caused the enzyme activity to decrease. Similar responses in the activity of renal G6Pase to the variation of dietary calcium levels were seen in rats fed the high protein diet, but sig nificant differences were not obtained. In TPTX rats fed the high carbohydrate diet, the activity of renal G6Pase was significantly decreased compared with that of intact rats. When TPTX rats were fed the high protein diet, however, no significant decrease in the enzyme activity was observed. Free access to aqueous 0.1% CaCk solution by TPTX rats tended to restore the activity of renal G6Pase and serum calcium concentra tions depressed by thyroparathyroidectomy.
INDEXING KEY WORDS
high protein diet â€¢dietary calcium â€¢renal glucose-6-phosphatase â€¢thyroparathyroidectomy
In our previous report (1) , it has been of parathyroid hormone injection, namely, shown that depletion of dietary calcium either dietary protein or calcium affects caused an increase in the activity of renal the activity of GGPase in the kidney cortex, glucose-6-phosphatase (G6Pase, EC 3.1.3.9). but does not affect the activity in the liver The activity of renal G6Pase was also in- (1, 2, 5) . creased by feeding a high protein diet It is not yet clear, however, whether the (1-3). Kotake et al. (4) have shown that stimulative effects of high dietary protein, the subcutaneous injection of parathyroid low dietary calcium, and injection of parahormone caused an increase in the activity thyroid hormone on renal enzyme activity of G6Pase in the kidney cortex but did not might be related. This paper deals with cause an increase in the liver. The effects responses of renal G6Pase to dietary pro of dietary protein and calcium on the ac-tein and calcium levels with the use of tivities of the enzymes in the liver and kidney cortex are comparable with those Receivedfor publicationFebruary20, 1975. 
METHODS
Female rats of the Donryu strain, weigh ing 80-100 g when obtained, were used throughout the experiments. Rats were housed individually in stainless steel cages placed in a temperature-regulated room at about 25Â°and fed a stock diet for about 5 days, by which time they had reached an average body weight of about 110 g. Rats also had free access to deionized water unless otherwise stated. The composition of the basal diets is tabulated in table 1. The calcium content of diets was varied by substituting CaCO3 for cellulose powder in the basal diets, and the protein content of diets was varied by substituting casein for Â«-starch.Diets were dry-ashed for 24 hours at 550Â°,prior to analysis of calcium by atomic absorption spectrophotometry. Phosphorus was determined by the method of Chen et al. (6) after wet-ashing in con centrated nitric acid. Results of mineral analysis are also presented in table 1.
Experiment 1 studied the influences of calcium excess and of calcium deficiency on the activity of renal G6Pase using rats fed two different levels of dietary protein, namely, 25% (a high carbohydrate diet) and 75% (a high protein diet). Rats were divided into six groups consisting of five rats each and were fed for 14 days one of the following test diets: (1) high carbo hydrate diet; (2) high carbohydrate-cal cium-deficient diet; (3) high carbohydrateâ€" calcium-excess diet; (4) high protein diet; (5) high protein-calcium-deficient diet; (6) high protein-calcium-excess diet. At the end of the feeding periods, rats were killed by decapitation between 9:30 AM and 11:30 AM. The kidney was removed rapidly from the rats, cooled in ice, and weighed. A piece of the kidney cortex was homogenized with 9 volumes of ice-cold 0.25 M sucrose in a Potter-Elvehjem-type glass homogenizer with a Teflon pestle. Homogenates were filtered through glass wool and used for the enzyme assay. G6Pase activity was determined as de scribed earlier (7) . Briefly, a portion of the whole homogenates was incubated in a system containing 0.5 ml of 0.04 M glucose-6-phosphate (disodium salt) and 0.5 ml of 0.1 M maleate-NaOH buffer (pH 6.8), for 5 minutes at 37Â°.All assays of enzyme activity were carried out in the presence of deoxycholic acid (0.2%, w/v). The release of inorganic phosphorus was measured according to the method of Chen et al. (6) . The G6Pase activity was ex pressed as micromoles of phosphorus re leased per minute per gram of wet kidney tissue or per 100 g of body weight. 1 Mean Â±SD (n = 5). < 0.001 ; ' P < 0.02.
'Significantly different from the corresponding 0.63% calcium group, *P <0.01; *P <0.05; 'P Experiment 2 was conducted to deter mine whether the effects of dietary protein and calcium on the activity of renal G6Pase would be observed in TPTX rats. In order to excise the parathyroid gland completely, thyroidand parathyroid glands were removed simultaneously, and the effect of hypothyroidism on the activity of renal G6Pase was determined separately as described in experiment 3. TPTX rats and sham-operated intact rats had free access to 0.1% CaCl2 solution for 5 days, by which time their wounds had healed. Each group of intact and TPTX rats was then divided into two groups, and rats were fed either the high protein or the high carbohydrate diet for 14 days. Both diets contained 0.63% calcium as CaCO3. iMeanÂ±BD (n = 5). Â»Significantly different from the corresponding 0.63% calcium group, â€¢/'< 0.01 ; '/' <0.02; â€¢ P < 0.05.
A 0.1% CaCl2 solution instead of deionized water was available ad libitum to half of the TPTX rats for the last 7 days. When the 14-day experimental period was termi nated, rats were bled by heart puncture under ether anesthesia. An aliquot (0.1 ml) of the serum was diluted with 0.5% LaCl3, and serum calcium was determined by atomic absorption spectrophotometry. The kidney was isolated and treated in the same way as that described in experi ment 1.
Experiment 3 studied the influence of hypothyroidism produced by oral admin istration of propylthiouracil (PTU) on renal G6Pase activity. Rats were fed for 14 days either the high carbohydrate diet, the high carbohydrate diet containing 0.5% PTU, the high protein diet, or the high protein diet containing 0.05% PTU. All diets contained 0.63% calcium as CaCO:!. At the end of the experimental period, G6Pase activities in the kidney cortex of rats were determined.
RESULTS
As shown in table 2, inadequate intake of calcium by rats fed the high protein diet caused a significant decrease in the growth of rats, while deletion from the high car bohydrate diet had no effect on growth. Food intake was not affected. Feeding di etary calcium in excess did not affect sig nificantly the growth and food intake of rats fed either the high carbohydrate or the high protein diet. Table 3 shows the influence of levels of Both diets contained 0.63% calcium as CaCOi. * Mean Â±BD(n = 5). s Significantly different from the corresponding intact group, P < 0.05. Â« A 0.1% CaCl> solution instead of deionized water was available ad libitum to half of the TPTX rats for the second 7 days.
' Significantly different from the corresponding TPTX groups, P < 0.05.
dietary calcium and protein on the activity of renal G6Pase of intact rats. The activity of renal G6Pase, on a gram wet weight basis, was increased by low levels of di etary calcium and was decreased by excess dietary calcium when the high carbohy drate diet was fed. The level of dietary calcium had no significant effect on renal G6Pase activity, on a gram wet weight basis, when rats were fed the high protein diet. Relative kidney sizes were increased in rats fed the low calcium diets and de creased in rats fed the excess calcium diets (table 2 ). Significant differences in total activity (per 100 g of body weight) of renal G6Pase between the group fed 0.06% calcium and that fed 1.83% calcium were observed for both the high carbohydrate and the high protein diets (table 3) . On the other hand, a stimulative effect of the high protein diet on the activity of renal G6Pase compared with that of the high carbohydrate diet was found at each level of dietary calcium except for the activity of G6Pase, on a gram wet weight basis, in rats fed the calcium-deficient diets (table  3) In experiment 2, the possibility that the stimulative effect of feeding the high pro tein diet on the enzyme activity was re lated to parathyroid function was investi gated. Table 4 shows changes in growth rates and food intake of TPTX rats fed either the high carbohydrate or the high protein diet. In each group of TPTX rats fed the high carbohydrate or the high pro tein diet for 14 days, growth rates were significantly decreased compared with those of intact rats. However, the growth rates of TPTX rats fed the high protein diet were greater than those of TPTX rats fed the high carbohydrate diet during the first 7 days. Free access to CaCl2 solution (0.1%) did not significantly affect the growth rates of TPTX rats fed the high carbohydrate diet, whereas the growth rates of TPTX rats fed the high protein diet were further depressed by excess ad ministration of CaClo solution. As shown in table 5, the concentration of serum calcium in TPTX rats was lower than that of the intact rats, but serum calcium con centrations of groups of TPTX rats fed the high protein diet were significantly higher than those of groups of TPTX rats fed the high carbohydrate diet. With free access to CaClo solution, TPTX rats fed either the high carbohydrate or the high protein diet had significant increases in levels of serum calcium compared with respective TPTX rats without CaClo solution.
The effect of thyroparathyroidectomy on the activity of renal G6Pase is shown in table 6. Renal G6Pase activity was de creased by thyroparathvroidectomy in rats fed the high carbohydrate diet, whereas, renal G6Pase activity was not significantly decreased bv thyroparathyroidectomy in rats fed the high protein diet. Free access to CaCl2 solution caused a significant in crease of the enzyme activity of TPTX rats fed the high carbohydrate diet but not in TPTX rats fed the high protein diet. Similar responses were observed in changes of relative kidney sizes of rats fed the high carbohydrate diet (table 4) .
The results presented in table 7 show the effect of hypothyroidism produced by oral administration of PTU on changes in body weight gain, food intake, and rela tive kidney sizes. No significant differences in the three parameters described above between intact and hypothyroid rats were observed in groups fed either the high carbohydrate or the high protein diet. As shown in table 8, oral administration of PTU did not cause any significant changes in renal G6Pase activity in either dietary group.
DISCUSSION
The higher susceptibility of rats fed a high protein diet to calcium deficiency with respect to growth retardation has been shown in our previous report (1) . It has been found also that feeding low cal cium diets caused increases in the activity of renal G6Pase ( 1 ). The experimental re sults obtained in the present paper were in accord with those described above ex cept for the lack of a significant effect of the high protein-low calcium diet on the activity of renal G6Pase compared with the high protein-normal calcium diet (table 3) .
Excess feeding of dietary calcium had no effect on growth and food intake of groups fed either the high carbohydrate (25% protein diet) or the high protein ' Mean Â±so (n â€"5).
diet (75% protein diet) as shown in table 2. Sawamura et al. (8) have shown that feeding a high calcium diet (1.8% calcium) containing 18% protein caused decreases in growth rates and absorption of nitro gen. These results seem to be reasonable because the susceptibility of animals to an excess intake of calcium could be higher in rats with a lower intake of pro tein (18% protein) than those with a higher intake of protein (25 or 75% pro tein) if it were true that an increase in protein intake was accompanied by an in creased requirement of calcium in the body as described by Conner et al. (9, 10) . The high carbohydrate-excess calcium diet fed to rats caused a significant de crease in the activity of renal G6Pase, and rats fed the high protein-excess calcium diet tended to have a decrease in the en zyme activity, although a statistical sig nificance was not observed (table 3) . Con sequently, the high protein groups had greater activities of renal GGPase on a per 100 g body weight basis than those of rats fed the high carbohydrate diets at each of the three levels of dietary calcium used in the present study. A possible explanation for the inverse relationship between the activity of renal G6Pase of the intact rats and levels of dietary calcium is that the effect of levels of dietary calcium on the enzyme activity could be mediated by parathyroid hormone, which is affected by levels of plasma calcium (11) .
Numerous investigators have noted an increase in urinary calcium excretion when the level of dietary protein was increased (12) (13) (14) (15) . Because an increase in protein intake was accompanied also by an in crease in absorption of calcium, calcium retention was not affected in adult humans bv the increased protein intake (12, 14) . Johnson et al. (15) , Walker and Linkswiler (16) , and Anand and Linkswiler (17) have indicated that a high protein diet caused a significant increase in urinary calcium, which was not accompanied by a compar able increase in absorption of calcium and consequently lowered the retention of cal cium in young adult men. On the other hand, Lee et al. (18) have shown that the retention and absorption of calcium in rats were significantly higher when a 10% protein diet was fed than when an 8.5% ' Mean Â±so (n = 5). 'Significantly different from the correspond ing group without PTU, P< 0.05.
protein diet was fed. Because both protein intakes are inadequate for rat growth, the rapid growth with a higher protein intake may be accompanied by a higher require ment of calcium. However, in our prelimi nary observations with growing rats,1 we found that the absorption and retention of calcium were increased in rats fed a high protein diet (75% protein) as compared with those of rats fed a high carbohydrate diet (25% protein). An increase of protein content from 25 to 75% did not, however, increase the growth rates of rats as shown in table 2. Therefore, the effect of higher protein intake on the retention of calcium might not be due to the higher protein requirement for growth. The difference of the effect of a higher protein intake on cal cium metabolism between growing rats and adult humans might be due to the fact that one is growing and one is not. In addition, the degree of increases in cal cium retention of rats fed the high protein diet as compared with that of rats fed the high carbohydrate diet was greater at the higher levels of dietary calcium.1 The per centage of change in renal G6Pase activity between the high protein and the high carbohydrate groups was the greatest in groups fed excess calcium diets (table 3) . Nagata and Rasmussen (19) have shown that in vitro addition of parathyroid hor mone caused no increase in the rate of glucose production by renal tubules in the absence of added external Ca2*, but in the presence of 0.25 HIMCaCl2, the subsequent addition of parathyroid hormone led to a stimulation of glucose production. There fore, changes in the relationship between parathyroid function and levels of calcium retained in the body, especially levels of intracellular calcium (19), may affect the gluconeogenic activity in the kidney. Thyroparathyroidectomy caused a de crease in the activity of renal G6Pase in rats fed the high carbohydrate diet (table 6). As shown in experiment 3, hypothyroidism did not cause any significant change in the enzyme activity of rats fed the high carbohydrate diet (table 8) . It is highly probable, therefore, that lowered activities of renal G6Pase caused by thyroparathyroidectomy may be due to the deficit of parathyroid hormone in rats. When TPTX rats had free access to CaCl2 solution, however, the activity of renal G6Pase was increased in the high carbo hydrate group (table 6) . Inverse responses of rats to excess administration of calcium, therefore, were observed in intact and TPTX rats fed the high carbohydrate diet (tables 3 and 6). It is presumed that there are different types of mechanisms in volved in the fluctuation of renal GGPase activity due to excess calcium intake. Be cause a significant correlation was ob served between the activity of renal G6Pase and levels of serum calcium in TPTX rats (correlation coefficient is 0.87, P < 0.01), one of the reasons for greater activities of renal G6Pase in TPTX rats fed the high protein diet than those of TPTX rats fed the high carbohydrate diet could be related to the higher levels of serum calcium. These findings sug gest that if the level of serum calcium of the high protein group were kept at the same level as that of the high carbohydrate group, the difference of renal G6Pase activity between the two dietary groups would disappear in TPTX rats.
From these results, the activity of renal G6Pase of rats fed the high protein diet might be less susceptible both to dietary calcium levels and to parathyroid function than that of rats fed the high carbohydrate diet.
